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Five revertants of a linker-scanning mutation adjacent to the stem-loop V attenuation determinant (X472) in the 59
noncoding region of poliovirus RNA were independently isolated from neuroblastoma cells and contained RNAs with seven
nucleotide changes in the pyrimidine-rich region. Generation of the identical rare second-site mutations suggests the
existence of a replicase-dependent mutagenesis mechanism during poliovirus replication. Enzymatic structure probing of the
mutated pyrimidine-rich domain identified secondary structure changes between stem-loops V and VI. A consensus
secondary structure model is presented for wild-type stem-loops V and VI and the pyrimidine-rich region located in the 59
noncoding region of poliovirus RNA. A pyrimidine-rich region mutant (X472-R4N) produced large plaques in neuroblastoma
cells and small plaques in HeLa cells, but the plaque size differences were not due to cell-type differences in viral translation
or RNA replication. Release of X472-R4N from HeLa cells was 10-fold lower than release from neuroblastoma cells, which
may explain the small plaque phenotype of X472-R4N in HeLa cells. Wild-type poliovirus was also released more efficiently
from neuroblastoma cells (;4-fold increase compared with release from HeLa cells), indicating that poliovirus neurotropism
may be influenced by the cell-type efficiency of virus release. Thermal treatment increased the levels of infectious X472-R4N
virions but not wild-type virus particles; thus RNA sequence and structural changes in the mutated 59 noncoding region of
X472-R4N may have altered RNA–protein interactions necessary for virus infectivity. © 1999 Academic Press
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Humans are the natural host for poliovirus (PV), and
he paralytic effects of a PV infection are only observed
hen virus spreads to the nervous system. In an effort to
tudy PV infection in the relevant cell types, human
euroblastoma cells have been used in previous studies
Agol et al., 1989; La Monica and Racaniello, 1989; Haller
t al., 1996) and in the experiments described here.
V–host cell interactions differ based on the cell type
xamined, as was indicated by the novel types of muta-
ions identified in X472 revertants isolated from neuro-
lastoma cells (Stewart and Semler, 1998). Although all
f the revertants from HeLa or SK-N-SH cells contained
ucleotide (nt) changes within the XhoI linker at nt 472,
even second-site mutations in the pyrimidine-rich re-
ion were present in most of the revertants from neuro-
lastoma cells and were not detected in any of the
evertants from HeLa cells. The pyrimidine-rich se-
uence in the 59 noncoding region (NCR) of genomic
NA (present between stem-loop V and stem-loop VI;
efer to Fig. 1A) has been identified as an important
lement for the initiation of picornavirus cap-indepen-
ent translation (Iizuka et al., 1989; Jang et al., 1990; Kuhn
t al., 1990; Nicholson et al., 1991; Haller and Semler,
1 To whom reprint requests should be addressed. Fax: (949) 824-
r598. E-mail: blsemler@uci.edu.
385992; Pilipenko et al., 1992, 1994; Gmyl et al., 1993;
aminski et al., 1994). It was possible, therefore, that the
yrimidine-rich region mutations in the neuroblastoma
evertants optimized protein synthesis in SK-N-SH cells.
NA structure analyses showed that both RNA sequence
nd structure were important for the function of a trans-
ation determinant in stem-loop V (Stewart and Semler,
998). Secondary structure probing of the pyrimidine-rich
egion is presented here, demonstrating that higher-
rder conformation changes were indeed associated
ith the second-site mutations. Unlike the X472 rever-
ion mutations in stem-loop V, the second-site mutations
ocated between stem-loops V and VI did not have a
ositive effect on translation initiation. This unexpected
esult prompted studies to determine whether second-
ite mutations affected functions in other PV life-cycle
tages such as RNA replication, RNA packaging, or virus
aturation.
RESULTS
election of X472 revertants in neuroblastoma
SK-N-SH) cells
Revertants of the X472 linker-scanning mutation were
elected in SK-N-SH monolayers transfected with X472
NA at 37°C or 39°C (see Materials and Methods). Two
evertants (R3N and R6N, Fig. 1B) revealed a partial
eversion to wild-type (WT) sequences within the linker-
0042-6822/99 $30.00
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386 STEWART AND SEMLERcanning mutation in stem-loop V. The most common
eversion mutation (found in eight isolates from four
ifferent transfected monolayers) is represented by R4N
Fig. 1B). R4N contained a complete reversion to WT
equences in the XhoI mutation in stem-loop V and
even nt changes in the pyrimidine-rich region located
100 nt distal to the original lesion. One of the mutants
R5N) containing second-site pyrimidine-rich region nt
hanges also harbored a point mutation at nt 515, lo-
FIG. 1. Secondary structure of the PV 59 noncoding region (A) and
equences of WT, X472 mutated, and X472 revertant RNAs from SK-
-SH (neuroblastoma) cells (B). The 59 NCR is predicted to form six
tem-loop structures (I–VI) (A). Stem-loops II–VI have been shown to
orm the internal ribosome entry site (IRES). Sequences important for
ranslation include the pyrimidine-rich region (gray line between stem-
oops V and VI) and AUG(586) (filled box in stem-loop VI); translation of
he poliovirus polyprotein initiates at AUG(743) (not shown), which is
bout 100 nt downstream of stem-loop VI. The attenuation determinant
n stem-loop V is indicated by a star. The dashed-line box surrounds the
egion of the 59 NCR (stem-loops V and VI) that are shown in greater
etail for sequence analysis in (B). The XhoI cassette in X472 RNA
xtends from nt 472–479 and is indicated in capital letters. Uppercase
etters are also used to highlight second-site reversions at nt 515 (R5N)
nd in the pyrimidine-rich region (R4N and R5N). Nucleotides that differ
rom WT residues are indicated by stars.ated in the predicted single-stranded loop in stem-loop S. This revertant was included in our studies to deter-
ine whether the nt 515 A3G affected viral growth.
laque morphology in HeLa and SK-N-SH cells
Potential cell-type specific growth differences of X472-
3N, X472-R4N, X472-R5N, and X472-R6N were assayed
y performing plaque assays on HeLa and SK-N-SH
onolayers. The revertant viruses demonstrated a large
laque phenotype on the SK-N-SH monolayers from
hich they were isolated but produced small plaques on
he HeLa cell monolayers. To ensure that there were no
dditional genomic changes in the revertants that might
roduce the cell-type specific growth phenotype, stem-
oop V and VI sequences from each of the revertant
NAs were reverse-transcribed, amplified using the
olymerase chain reaction, and cloned into a WT PV1
DNA (pT7PV1) as described in Stewart and Semler
1998). Plaque morphology of the reconstructed X472-
3N, X472-R4N, X472-R5N, and X472-R6N viruses
atched that of the original isolates. Heterogeneity in
laque sizes was likely due to the low fidelity of PV RNA
eplication. Figure 2 contrasts the plaque phenotype of
V1 and X472-R4N in HeLa and SK-N-SH monolayers.
verages of the plaques sizes indicated that X472-R4N
laques were ;85% of the size of WT plaques in SK-
-SH cells and ;35% of the size of WT plaques in HeLa
ells. Thus X472-R4N growth was significantly more ef-
icient in neuroblastoma cells compared with HeLa cells.
his cell-type growth difference prompted the following
tudies to determine which stage of the X472-R4N virus
ife-cycle was affected by the pyrimidine-rich region mu-
ations. To help elucidate the underlying mechanism of
he observed effects, potential RNA structure changes
ntroduced by the second site lesions were investigated.
FIG. 2. Plaque assays of WT and X472-R4N in HeLa and SK-N-SH
onolayers. Viruses were diluted in DME and adsorbed to the cell
onolayers at room temperature for 30 min. Infected cells were over-
aid with semisolid media supplemented with 10% FCS (HeLa cells) or
0% FCS (SK-N-SH cells). After 2 days of incubation at 37°C, the cells
ere fixed and stained with crystal violet. The specific infectivity for a
articular virus was the same for both cell types; differences in virus
laque numbers between cell types were due to the reduced density of
K-N-SH cells compared with the density of HeLa cells.
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387POLIOVIRUS PYRIMIDINE-RICH REGION MUTATIONSnzymatic secondary-structure probing of the 59 NCR
yrimidine-rich sequences
Structure probing analysis of the 39 side of stem-loop
as well as the pyrimidine-rich region of WT, X472, and
euroblastoma-isolated revertant RNAs is shown in Fig.
. All of the RNAs with WT sequences in the pyrimidine-
ich region (PV1, X472, R3N, and R6N) showed a high
egree of single-stranded character between nt 567 and
75 (Fig. 3, dashed boxes), as was indicated by cleavage
ith RNases U2 and Bc. In addition, RNAs with WT
yrimidine-rich sequences demonstrated RNase V1 sen-
itivity from nt 564–566, suggesting that these nucleo-
ides were in a double-stranded conformation (Fig. 3,
ray boxes; lanes 2, 3, 11, 12, 20, 21, 47, and 48). Revertant
NAs with an altered pyrimidine-rich region (R4N and
5N) also showed some sensitivity to single-strand spe-
ific RNases T1, U2, and Bc between nt 567 and 575;
owever, the overall cleavage of R4N and R5N RNAs was
educed in this region (Fig. 3, lanes 31–36 and 40–45). In
ddition, nt 564–566 in R4N and R5N RNAs did not show
he same double-stranded character observed in WT
equences (Fig. 3, compare lanes 29 and 30 and lanes
8 and 39 with lanes 2 and 3). An overall reduction in
FIG. 3. Structure probing of the pyrimidine-rich region of RNAs fro
ucleotides (base-paired sequences) in WT, X472, R3N, and R6N are i
he diagram of stem-loops V and VI at the left. Dashed boxes and a das
yper-cleaved by RNases U2 and Bc in WT, X472, R3N, and R6N. Arrow
hat the RNA structural changes introduced by the nt change at position
nzymes were used in two dilutions to ensure partial digestion condition
n Figs. 3–5 are as follows: RNase V1 (dsRNA; 3.5 U or 0.7 U), RNase T1
rom B. cereus (RNase Bc) (Up2N, Cp2N; 10 U or 2 U). Note that theNase cleavage of R4N and R5N RNAs from nt 564 to e75 suggested that these RNAs may fold into multiple
onformations, which would reduce the number of cleav-
ge events at specific sites. Alternatively, the seven nt
hanges in the R4N and R5N pyrimidine-rich regions
ay form a higher-order conformation that partially pro-
ected nt 564–575 from enzymatic cleavage.
A consequence of reduced cleavage in the pyrimidine-
ich region was the increased cleavage at sites on the 59
nds of R4N and R5N RNAs (compare the R4N and R5N
leavage products on the top half of Fig. 3 with those of
he other RNAs). Note that although the levels of R4N and
5N RNA scission were higher on the 59 ends than for
he other RNAs, the cleavage pattern was similar be-
ween all of the sequences. Thus mutations in the pyri-
idine-rich region did not appear to affect stem-loop V
econdary structure (part of which is shown in the top of
ig. 3), but they did significantly alter the higher-order
olding of the pyrimidine-rich region between stem-loops
and VI. In addition, the nt 515 adenosine to guanosine
ransition in R5N RNA (Fig. 1B) did appear to modify the
redicted single-stranded loop conformation in stem-
oop V. The structure change adjacent to nt 515 was
ndicated by the increase in RNase Bc cleavage at sev-
X472, and revertants from neuroblastoma cells. RNase V1-sensitive
d by gray boxes in the structure-probing results and by a gray line in
e in the stem-loop diagram highlight single-stranded residues that are
e R5N cleavage pattern and the sequencing ladder to the left indicate
sult in cleavage by RNases T1 (open arrowhead) or Bc (black arrows).
specificities and concentrations of enzymes used to derive data shown
; 20 U or 2 U), RNase U2 (Ap2N; 2 U or 0.4 U), and an RNase isolated
the figure is not the top of the autoradiogram.m WT,
ndicate
hed lin
s on th
515 re
s. The
(Gp2N
top ofral residues 39 of the point mutation (nt 519 and 521; Fig.
3
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388 STEWART AND SEMLER, arrows on lanes 44 and 45). As would be predicted, the
ntroduction of a guanosine residue at nt 515 conferred
Nase T1 sensitivity to this residue (Fig. 3, open arrow-
ead on lanes 40 and 41). The change in RNA confor-
ation at R5N nt 519 and 521 suggests that the predicted
ingle-stranded loop in stem-loop V (nt 511–525) is not an
xposed loop, as is shown in the stem-loop V diagram
Fig. 3, left panel). Thus the large stem-loop V “loop” has
defined structure in WT RNA, and this structure was
isrupted by the nt 515 point mutation in R5N. The se-
uence and/or structure change in the predicted loop in
tem-loop V of R5N affected the growth properties of the
irus containing the RNA lesion, as discussed later.
NA structure-probing of the 59 NCR pyrimidine-rich
egion in genome-length WT and R4N RNAs
Previous RNA structure probing results (Stewart and
emler, 1998) indicated that a truncated WT RNA con-
aining stem-loops V and the 59 half of VI folded into a
onformation similar to that of the corresponding se-
uences in RNAs containing the entire WT 59 NCR. To
etermine whether the structural changes that were ob-
erved in the pyrimidine-rich region mutations were
resent in the context of the entire RNA genome, struc-
ure-probing was performed on genome-length WT and
4N RNAs. As was observed in Fig. 3, RNase V1 cleaved
T nt 564–566 (Fig. 4, lanes 2 and 3; double-lined box)
ut not the corresponding nt in R4N (Fig. 4, lanes 11 and
2; double-lined box). Concomitant with the altered
Nase V1 cleavage in R4N was the reduced scission by
Nases T1 and U2 relative to WT RNA (Fig. 4; compare
leavage in dashed box, lanes 13–16, with dashed box,
anes 4–7). Guanosine residues at positions 576, 578,
nd 579 were susceptible to RNase T1 cleavage in both
T and R4N RNAs but to differing extents, indicating a
tructural change at these positions as well (Fig. 4; gray
oxes). Reduced RNA scission and an altered cleavage
attern within the pyrimidine-rich region of truncated
4N RNA (Fig. 3) were not artifacts of probing a short-
ned RNA template; structure-probing of full-length R4N
NA produced similar results (Fig. 4). Enzymatic struc-
ure-probing of WT sequences (Figs. 3 and 4 and data
ot shown) are summarized in Fig. 5 along with the
tructure-probing results reported by other investigators.
FIG. 5. Consensus secondary structure predictions of stem-loop
structure-probing by Pilipenko et al., 1989, or Skinner et al., 1989
ingle-stranded residues is indicated by blue arrows (our results) or op
olleagues performed structure analysis on PV3 RNA, only probing resu
s used for simplification. Our results represent data derived from enz
ull-length genomic sequences (Figs. 3 and 4, and data not shown). Sm
ndicated position, and asterisks denote sites where our cleavage data
equences that are mutated in R4N or R5N RNAs are shown in green
enoted by the green lettering in the inset. The inset also shows th
tructure-probing results of this domain in R4N and R5N RNAs. Boxed ns V and VI of the PV 59 NCR. Red arrows (our results) or filled circles
) show RNase V1 cleavage of double-stranded RNA. RNase cleavage of
en circles (Pilipenko et al., 1989, or Skinner et al., 1989). Because Skinner and
lts of nt conserved between PV3 and PV1 are discussed and PV1 numbering
ymatic digestion of WT PV1 RNAs containing either stem-loops V and VI or
aller arrows or circles indicate reduced enzymatic or chemical scission at the
were identical to those of Pilipenko et al. (1989) or Skinner et al. (1989). WT
in the stem-loop V and VI diagram. Sequence changes in R4N and R5N are
e computer-predicted structure of the mutated sequences along with the
ucleotides highlight similar motifs in the mutated pyrimidine-rich region (inset)
nd stem-loop V (see Discussion).FIG. 4. Secondary structure analysis of the pyrimidine-rich region
f WT and R4N full-length genomic RNAs. Double lines indicate the
evels of RNase V1 cleavage at nt 564–566. RNA scission events
rom nt 567–575 and nt 576–579 are highlighted by the dashed or
ray boxes, respectively. Double, dashed, or gray lines on the
tem-loop structures to the right indicate the locations of the struc-
ure-probing data. Note that positions cleaved by RNases migrate
ne nt further in the structure probing data compared with the
equencing ladder; this is due to the RNase-mediated removal of
he 39 terminal nt, which is then not present in the template RNAs
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390 STEWART AND SEMLERomputer-predicted folding of WT and mutated
yrimidine-rich regions
Results shown in Figs. 3 and 4 demonstrated that the
yrimidine-rich region mutations in R4N and R5N re-
uced cleavage susceptibility of nt 564–575 and altered
he cleavage pattern at nt 576, 578, and 579 but did not
ignificantly change the secondary structure in stem-
oops V or VI of these RNAs. Therefore, it appeared that
he higher-order conformation changes were localized to
he region between stem-loops V and VI and protected
he mutated and adjacent nt from enzymatic attack. Com-
uter-predicted folding (see Materials and Methods) was
sed to generate potential structures encompassing nt
59–579 from WT and R4N RNAs. All of the structures
ontaining WT nt 559–579 had positive DG values, indi-
ating that these structures probably do not form. The
ost energetically favorable structure for the corre-
ponding R4N sequences is shown in the inset of Fig. 5
nd is overlaid with the structure-probing results from
4N. A small DG (21.3) suggests that this is not a highly
table stem-loop structure. However, the pattern of base-
airing is consistent with the drastic reduction in RNase
leavage between stem-loops V and VI of R4N and R5N
ompared with the same sequences in WT RNA.
ranslation of revertant viruses in HeLa and SK-N-SH
ells
Because the reversion mutations in X472-R3N, X472-
4N, X472-R5N, and X472-R6N were generated during
election in SK-N-SH cells, it was predicted that transla-
ion levels of the revertants would be higher in the neu-
oblastoma cell line than in HeLa cells. To test this
ypothesis, HeLa or SK-N-SH cells were infected with
T or mutant viruses. Infected or mock-infected cells
ere pulsed with [35S]methionine and harvested 2 h later
at 2, 4, or 6 h postinfection; see Materials and Methods).
rotein synthesis levels of X472-R3N were similar to
hose of WT in HeLa cells and peaked at the 4 h time-
oint (Fig. 6A, lanes 2 and 5). The other mutants also
ranslated viral proteins to high levels in HeLa cells but
howed a 2-h delay in reaching maximum protein syn-
hesis levels (6-h time points; Fig. 6A, lanes 9, 12, 15, and
8). Note that X472-R4N and Sabin type 1 also showed
lightly defective shut-off of host cell protein synthesis,
s demonstrated by the presence of cellular proteins in
amples from the 4-h time points (Fig. 6A, compare lanes
and 17 with the mock-infection, lane 19). The identical
xperiment was performed in neuroblastoma cells, and
nexpectedly, the pyrimidine-rich region mutations in
472-R4N and X472-R5N did not confer increased cap-
ndependent translation in this cell line (Fig. 6B). All of
he viruses showed the highest levels of protein synthe-
is at 6 h postinfection. Note that the point mutation and
ssociated stem-loop V conformation changes in R5Nesult in more efficient cap-independent translation in Nhe presence of the pyrimidine-rich region lesions com-
ared with RNAs with WT sequences in stem-loop V (i.e.,
4N) [Fig. 6B, compare protein synthesis in X472-R5N
lane 12) with X472-R4N translation (lane 9)].
NA synthesis in cells infected with WT or revertant
iruses
To determine whether the stem-loop V and/or pyrimi-
ine-rich region lesions increased RNA replication effi-
iency, viral RNA synthesis by WT or revertant viruses
as assayed in infected HeLa and SK-N-SH cells. Total
NA was isolated from infected cells at 2, 4, 6, and 8 h
ostinfection as described in Materials and Methods.
NA replication determinants have not been previously
ocalized to stem-loops V or VI of the PV 59 NCR, and so
ffects on RNA synthesis would not be expected for the
utations described in this study. Indeed, all of the
evertants and Sabin type 1 showed genomic replication
evels similar to those of WT; in addition, the reversion
utations did not increase RNA synthesis levels in a
ell-specific manner (compare Figs. 7A and 7B).
ell-specific virus release
Experiments shown in Figs. 6 and 7 demonstrated that
he revertants, including those harboring mutations in
he pyrimidine-rich region, did not show a significant
ncrease in translation or RNA replication in SK-N-SH
ells compared with viral protein or RNA synthesis in
eLa cells. How do RNA sequence changes in the pyri-
idine-rich region of X472-R4N and X472-R5N confer the
arge plaque phenotype in neuroblastoma cells and not
n HeLa cells? The remaining studies focus on one re-
ertant, X472-R4N, to address why the neuroblastoma
ell-selected pyrimidine-rich region mutations were
aintained in the presence of WT stem-loop V se-
uences in X472-R4N. Proportionately larger plaques in
K-N-SH cells might be generated by more efficient re-
ease of the revertant virus in neuroblastoma cells com-
ared with release from HeLa cells. To measure cell-type
ifferences in WT or X472-R4N virus release, virus titers
rom infected HeLa or SK-N-SH cells and the infected cell
ulture medium were measured at 6 h postinfection. This
ime point was chosen because RNA and translation
evels are at a maximum at this time, which would allow
or high levels of virus formation. Titers are shown as a
atio of intracellular plaque-forming units (PFU) divided
y extracellular PFU to account for overall differences in
iter between the viruses. Both WT and X472-R4N pro-
uced a higher ratio, and thus a higher relative level of
ntracellular virus, in HeLa cells than in SK-N-SH cells
Figs. 8A and 8B). Although there was more variation in
he data obtained from HeLa cell infections, X472-R4N
xhibited a ;10-fold increase in the ratio of intracellular
o extracellular virus particles in HeLa cells than in SK-
-SH cells. An increased efficiency of virus release in
n
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391POLIOVIRUS PYRIMIDINE-RICH REGION MUTATIONSeuroblastoma cells was also observed for WT PV1
;4-fold higher than in HeLa cells; Figs. 8A and 8B).
hese results demonstrate two important findings: (i)
472-R4N showed a cell-type defect in release from
eLa cells, and (ii) WT and X472-R4N virus release was
ore efficient in neuroblastoma cells than in HeLa cells.
irion maturation and thermal-stability of WT and
472-R4N capsids
The final protein processing event necessary to pro-
uce infectious PV is the cleavage of VP0 into VP2 and
P4 (Arnold et al., 1987; Hellen and Wimmer, 1992a, b),
nd this processing follows encapsidation of the viral
enome (Fernandez-Tomas and Baltimore, 1973; Fernan-
ez-Tomas et al., 1973; Guttman and Baltimore, 1977).
erhaps the sequence changes and/or altered structure
n the 59 NCR of R4N altered the RNA-protein interactions
FIG. 6. [35S]Methionine-labeled proteins from HeLa (A) or SK-N-SH (B
nfected with viruses at a multiplicity of infection of 15. After adsorption
r 4 h postinfection, 30 mCi of 35S-labeled methionine was added to
ethionine, the cells were harvested and resuspended in Laemmli’s sam
el. Some of the PV proteins are indicated to the left of each panel.n the virus and thus delayed VP0 processing. To inves- wigate this possibility, HeLa or SK-N-SH cells were in-
ected with WT or X472-R4N and pulse-labeled with
35S]methionine for the detection of viral proteins. At 6 h
ostinfection, the cells were lysed and the cytoplasmic
ontents were separated on a 10–30% sucrose gradient.
fter fractionation of the gradients, the 155S peaks
which correspond to the encapsidated RNA genome)
ere analyzed by SDS–12.5% PAGE. The ratios of VP0
leavage products were compared with the levels of
ncleaved VP0 to account for overall differences in pro-
ein levels between the mutant and WT viruses. No
etectable differences were observed in the levels of
P0 processing for WT or X472-R4N in HeLa or neuro-
lastoma cells (data not shown).
In addition to VP0 cleavage, a number of capsid con-
ormational changes occurring after RNA encapsidation
ncrease capsid stability (see Discussion). To assess
infected with WT, revertant, or Sabin type 1 viruses. Monolayers were
onolayers were incubated in methionine-free medium at 37°C. At 0, 2,
cted or mock-infected cells. At 2 h after the addition of the labeled
ffer. Labeled proteins were analyzed on an SDS–12.5% polyacrylamide) cells
, the m
the infe
ple buhether X472-R4N capsids are less stable than WT cap-
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392 STEWART AND SEMLERids, 107 PFU of WT or X472-R4N was diluted in PBS or
ME supplemented with 10% FCS and exposed to heat
reatment. Incubation at 47.5°C (the temperature for max-
mum PV thermal inactivation; Couderc et al., 1996) for up
o 60 min in PBS resulted in slight decreases in titer for
oth mutant and WT viruses (Fig. 9A). Under conditions
hat would stabilize capsids (protein concentrations
ere increased by diluting the virus stocks in DME plus
0% FCS), X472-R4N exhibited a ;5-fold increase in titer
ompared with WT titers (Fig. 9B). Apparently, thermal
reatment produced capsid conformation changes nec-
ssary for virus infectivity that had not yet occurred in
ome of the X472-R4N capsids.
DISCUSSION
To determine whether unique poliovirus-host cell in-
eractions occur in cells of neuronal origin, we isolated
evertants from a human neuroblastoma cell line (SK-N-
H) transfected with poliovirus RNA that contained a
ethal lesion in the 59 NCR. Neuroblastoma-isolated X472
evertants were found to harbor novel compensatory
hanges, indicating that unique interactions do occur.
econd-site mutations found in the pyrimidine-rich re-
ion of R4N and R5N did not alter the overall conforma-
ion of stem-loops V and VI of the 59 NCR but did produce
NA structure changes proximal to the compensatory
esions (Figs. 3 and 4). To determine how the pyrimidine-
FIG. 7. Northern blot analysis of HeLa or neuroblastoma (SK-N-SH
essage-sense PV genome (top panel) was probed with a [g-32P]AT
lyceraldehyde phosphate dehydrogenase (GAPDH) mRNA levels we
oading. A 1.3-kb GAPDH cDNA fragment was used to generate the pro
ystem (Amersham Pharmacia). “Mock” refers to RNA isolated from unich region mutations might alter the local RNA structure,equences encompassing the domain between stem-
oops V and VI (nt 559–579) were folded by computer-
redicted methods (see Materials and Methods). The
nset in Fig. 5 shows the stem-loop structure predicted
or the mutated sequences in R4N and R5N along with
he structure-probing results from Figs. 3 and 4. A small
G (21.3) and cleavage by single-stranded recognizing
Nases on the 39 side of the stem indicate that this
tructure is not highly stable. However, the presence of
his or a similar stem-loop structure could explain why
esidues that are present in both WT and mutated se-
uences are more protected from cleavage in R4N and
5N [Fig. 5; compare the hypercleaved nt 572–575 in WT
NA with the reduced scission at nt 572 and 573 and
bsence of cleavage at nt 574 and 575 in the mutated
equences (inset)]. In addition, a comparison between
T stem-loop V (boxed nucleotides; Fig. 5) and the
econd-site mutations generated in the pyrimidine-rich
egion (boxed nucleotides; inset of Fig. 5) reveals strong
equence and structural similarities between these do-
ains. The first motif found in both stem structures is a
CUC sequence, where U is a bulged residue; an addi-
ional similarity is the GAG sequence with a non-base-
aired 39 terminal guanosine. Whether the second-site
hanges in the mutated pyrimidine-rich region mimic the
omain of stem-loop V that is disrupted by the X472
utation remains to be determined.
infected with WT, revertant, or Sabin type 1 viruses. The ;7.5-kb
nd-labeled primer complementary to nt 253–272 of the PV genome.
ed on the same blot (bottom panel) to correct for differences in gel
GAPDH by random-primed synthesis with a Megaprime DNA labeling
d cells.) cells
P 59 e
re prob
be forPrevious probing studies of WT PV stem-loop V struc-
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393POLIOVIRUS PYRIMIDINE-RICH REGION MUTATIONSures have shown similar RNA conformations for the top
nd middle portions of stem-loop V. However, the pre-
ictions differ for folding of the base of stem-loop V
Pilipenko et al., 1989; Skinner et al., 1989). A major
ifference between these models is the boundary for the
eginning and end of stem-loop V, which has been re-
orted to reside at nt 448 and 556 (see Fig. 5; Pilipenko
t al., 1989) and at nt 468 and 535 (Skinner et al., 1989).
igure 5 combines the stem-loop V and VI structure
robing results (shown in Figs. 3 and 4, and in data not
hown; indicated by arrows) with the chemical and en-
FIG. 8. WT or X472-R4N virus release from HeLa or SK-N-SH cells.
ells were infected with viruses at a multiplicity of infection of 15. At 6 h
ostinfection, 2 ml of the supernatant (sup) from infected cell mono-
ayers was collected. The cells were scraped from the bottom of the
issue culture plate, and the remaining supernatant and cells (sup 1
ell; 2 ml) were collected in another cryovial. All of the samples were
reeze-thawed five times. Virus release was measured as the titer of
FU in [(sup 1 cell) 2 (sup)]/(sup) to avoid artifacts due to differences
n washing of plates. All plaque assays were performed on HeLa cells.
atios from individual plates are indicated by the symbols in A, and the
sterisk represents two identical data points. The average (intracellular
FU)/(extracellular PFU) values from the data shown in A are reported
n B.ymatic probing data from Skinner et al. (1989) and Pili- ienko et al. (1989) (denoted by circles). RNase V1 cleav-
ge at nt 461 and 462 and at nt 537–539 indicated that
hese sequences were involved in base-pairing interac-
ions, perhaps paired with each other. RNase V1 hits at nt
52–454 (Skinner et al., 1989) and at nt 555 (this study)
ndicated that the base of stem-loop V may extend at
east to nt 452 on the 59 side and to nt 555 on the 39 side
f stem-loop V. Because these latter RNase V1 cleavages
re at cytidine residues, they cannot be base-paired to
ach other, so we (and Pilipenko et al., 1989) paired them
ith guanosine residues on opposing strands. Despite
he computer-predicted and genetically derived (dis-
ussed below) base-pairing predictions in the middle of
tem-loop V, RNase V1-sensitive sites primarily localized
o the top and bottom of stem-loop V (Fig. 5). This phe-
omenon was also observed in a stem-loop predicted to
orm at the 39 end of HRV14 RNA (Todd and Semler, 1996)
nd may be the result of higher-order RNA folding.
There are several lines of evidence that support the
ossibility that the base of stem-loop V forms more than
ne conformation: (i) RNases T1 and V1 concomitantly
FIG. 9. Thermal stability of WT or X472-R4N viruses at 47.5oC in PBS
A) or DME with 10%FCS (B). WT or X472-R4N viruses (107 PFU) were
liquoted into RNase/Dnase-free slick microfuge tubes (GeneMate) in
final volume of 0.2 ml and incubated at 47.5°C. At each of the
ndicated time points, an aliquot of WT or mutant virus was placed on
ry ice to stop the thermal treatment. Aliquots were stored at 270°C.
erial dilutions of each fraction were measured by plaque assay on
eLa monolayers and used to calculate the virus titers (PFU/ml) forndividual time points.
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394 STEWART AND SEMLERleave after G539; (ii) C454 shows both single-stranded
Pilipenko et al., 1989) and double-stranded (Skinner et
l., 1989) character; and (iii) RNAs with mutations within
he XhoI linker at nt 472 or within the pyrimidine-rich
egion (R4N and R5N) show the same pattern of cleav-
ge as WT RNA at the base of stem-loop V but show
tronger cleavage events at these same positions. An
xplanation for the differential levels of cleavage in mu-
ated RNAs is that one or more of the possible confor-
ations found in WT RNA is not able to form in the
utated constructs.
The potential for the base of stem-loop V to interact
ith other PV 59 NCR sequences has been shown by a
umber of computer-predicted models (Rivera et al.,
988; Le and Zuker, 1990; Le et al., 1992, 1996). None of
hese computer-predicted models completely accounts
or our structure-probing results, and in particular, our
esults disagree with the early predictions of Rivera et al.
1988), which showed interactions between nt 462–470
nd nt 626–634. Because nt 626–634 are not present in
he truncated RNAs used in our studies and because the
T stem-loop V structure did not significantly change in
he absence of these sequences, we concluded that
tem-loop V sequences did not interact with residues
ownstream of stem-loop VI. However, interactions have
een predicted between the base of stem-loop V and
equences elsewhere in stem-loop V (Le and Zuker,
990; Le et al., 1992) or sequences in stem-loop VI (Le et
l., 1996). Such alternative interactions could account for
he conflicting physical probing results (mentioned
bove) and would have the potential for forming in the
ull-length and truncated RNAs used in our analyses.
vidence that stem-loops V and VI interact via RNA–RNA
nd/or RNA–protein interactions has been demonstrated
oth biochemically and genetically. For example, (i)
aller and Semler (1995) showed that a 36-kDa protein
nteracted with stem-loops V and VI but not with either
tem-loop alone in in vitro UV-crosslinking reactions. (ii)
he viability of revertants X472-R4N and X472-R5N indi-
ated that second-site mutations downstream of stem-
oop V can compensate for mutations near the attenua-
ion determinant in stem-loop V. (iii) The point mutation at
t 515 in R5N stem-loop V did increase protein synthesis
evels that were reduced by lesions between stem-loops
and VI (Figs. 6A and 6B). (iv) Gromeier et al. (1999)
eported recently that sequences from the top portions of
oth stem-loops V and VI conferred a neurovirulent phe-
otype to a chimeric poliovirus containing human rhino-
irus type 2 (HRV2) IRES sequences in the 59 NCR. One
xplanation for this observation is the computer-pre-
icted interaction between the distal loop (nt 494–498;
V1 numbering) and the base of stem-loop V (nt 547–551;
V1 numbering) (Le et al., 1992). Because PV1 se-
uences differ from HRV2 sequences in the distal loop
nt 494–498) but the sequences are identical at nt 547–
51, the higher-order conformation of PV1 stem-loop V sequired for neurovirulence may require the interaction
etween these two regions of stem-loop V. Potential
nteractions between the base of stem-loop V and se-
uences in the 59 half of stem-loop VI may explain why
onstructs containing only PV1 stem-loop V did not suc-
essfully restore neurovirulence to PV-HRV2 chimeric
irus. The computer- and physically derived structures
described above), together with the biochemical and
enetic data, suggest a higher-order conformation in the
9 NCR of PV1 that includes elements of stem-loops V
nd VI.
Structural differences between proposed models were
ore subtle in the middle and top portions of stem-loop
(Rivera et al., 1988; Skinner et al., 1989; Pilipenko et al.,
989; Le and Zuker, 1990; Le et al., 1992, 1996). Previous
nzymatic probing indicated that nt 511–524 formed a
arge, single-stranded loop (Pilipenko et al., 1989; Skin-
er et al., 1989). Although cleavage was observed in this
egion with RNases that recognize single-stranded RNA,
he cleavage events were not strong, as would be ex-
ected for an exposed loop of RNA (Figs. 3 and 4). It was
ortuitous that R5N RNA contained a point mutation at nt
15, located within the predicted loop region. Structure
robing of R5N indicated that the point mutation
A5153G515) increased RNase Bc cleavage at nt 519
nd 521 (Fig. 3, lanes 44 and 45; filled arrows) and RNase
1 digestion at nt 518 and 520 (Fig. 3, dark bands below
he open arrowhead). Although there is not an obvious
ase-pairing partner for A515 within nt 511–524, introduc-
ion of the larger guanylate residue at nt 515 may disrupt
eighboring base-pair interactions. Alternatively, A515
ay interact with sequences elsewhere in stem-loop V
r VI. In support of a higher-order structure between nt
11–524, computer predictions have proposed base-pair-
ng between G513-C521 and U514-G520 (Le and Zuker,
990; Le et al., 1992). Computer-derived analysis and
nzymatic probing have predicted nearly identical mod-
ls for the top of stem-loop V, with an A/C-rich loop
ocated in the most distal portion (Rivera et al., 1988;
ilipenko et al., 1989; Skinner et al., 1989; Le and Zuker,
990). The greatest difference between models is the
resence of a seven nt internal bulge (nt 486–488 and nt
03–506) in the model by Pilipenko et al. (1989), although
heir data and our results support base-pairing of nt 486
nd 488 to nt 503 and 506. However, there may be some
breathing” between base-pairs U486-G506, G487-U504,
489-A502, and C490-G501, as indicated by low-level
NA scission by single-stranded recognizing enzymes
Fig. 5). Strong cleavage by RNase Bc at C492 indicated
hat the previously proposed C492-G499 base-pair
Rivera et al., 1988; Skinner et al., 1989; Le and Zuker,
990) may not actually form.
Given the RNA sequence and higher-order conforma-
ion changes in R4N and R5N RNAs, the translation
xperiments in Figs. 6A and 6B were performed to mea-
ure potential cell-type translation differences. Results
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395POLIOVIRUS PYRIMIDINE-RICH REGION MUTATIONSrom these experiments demonstrated that the large
laque phenotype of pyrimidine-rich region mutants in
K-N-SH cells was not due to increased protein synthe-
is in the neuroblastoma cell line compared with trans-
ation in HeLa cells. Viral RNA synthesis levels could not
xplain the cell-type growth differences either (Fig. 7).
erhaps the mutations in R4N and R5N provide an RNA
ackaging signal or participate in capsid conformation
hanges during maturation.
The final protein processing event in capsid matura-
ion cleaves the PV precursor polypeptide VP0 into the
P2 and VP4 capsid proteins and is dependent on en-
apsidation of the PV genome (Arnold et al., 1987; Hellen
nd Wimmer, 1992a and 1992b). In light of a possible
unction for PV RNA sequences in virion maturation, the
elative amounts of intracellular and extracellular WT or
472-R4N viruses were measured. If R4N RNA led to
ltered maturation or virus release in HeLa cells, then a
ifference in the ratio of intracellular to extracellular
472-R4N might be observed in HeLa cells compared
ith the ratio in SK-N-SH cells. As shown in Fig. 8, there
s a ;10-fold increase in the ratio of intracellular to
eleased X472-R4N virus in HeLa cells over the virus
evels in the neuroblastoma cell line. This may be due to
defect in release of X472-R4N in HeLa cells but not in
K-N-SH cells. Note that this cell-type difference was
lso observed for WT PV but to a lesser extent. The
echanism for PV release from host cells is unknown;
owever, the results in Fig. 8 suggest that virus release
s not simply an effect of accumulated virus particles
ysing the cell. These studies provide evidence that cel-
ular factors are involved in the mechanism of PV release
rom host cells. Increased virus spread in neuroblastoma
ells might help explain the efficiency of PV growth in the
uman nervous system.
Is X472-R4N accumulating in HeLa cells because VP0
rocessing is delayed? An analysis of the relative
mounts of unprocessed and processed WT and X472-
4N capsid proteins in HeLa and SK-N-SH cells did not
etect differences in the levels of VP0 cleavage (data not
hown). Studies of foot-and-mouth disease virus have
evealed that the RNA genome strengthens protein-pro-
ein interactions within the virus capsid (Curry et al.,
992, 1995, 1997). Perhaps some or all of the RNA con-
ributions to virus stability were lost in the X472-R4N
utant. Thermal inactivation in PBS showed that X472-
4N is inactivated to the same extent as WT virus, and
herefore X472-R4N is not structurally unstable (Fig. 9A).
owever, in a stabilizing environment (DME supple-
ented with 10% FCS), X472-R4N showed a 5-fold in-
rease in infectious particles on heat treatment (Fig. 9B).
his unexpected finding suggested that although X472-
4N particles were stable, the heat treatment likely in-
uced a conformational change in the mutant that in-
reased infectivity. Based on the cell-type growth (Fig. 2)
nd virus release (Fig. 8) phenotypes of X472-R4N, it sould be expected that propagation of this virus in HeLa
ells would exacerbate this maturation defect and may
e the cause for the small plaque phenotype of X472-
4N in HeLa cells. The apparent relationship between
NA sequence and structural determinants in the 59 NCR
nd virus maturation indicates the presence of a control
oint to ensure PV integrity, although the precise role of
he second-site mutations in the pyrimidine rich region
emains unknown.
Perhaps one of the most striking findings of the X472
ell-type revertant analysis was the identification of sec-
nd-site compensatory mutations in the pyrimidine-rich
egion. Could the generation of the seven nt changes in
he pyrimidine-rich region be explained by the low fidelity
f PV RNA replication? Using an error frequency of 1024
ubstitutions per site (Pincus et al., 1986, 1987), the
hance of obtaining a single mutant harboring the seven
yrimidine-rich region mutations is one in 1028. The
hances that the identical seven mutations were accu-
ulated by sequential random mutation in five indepen-
ent virus isolates are sufficiently improbable to suggest
he existence of a mechanism for increased replicase-
ependent mutagenesis, a novel activity that has been
reviously suggested (de la Torre et al., 1992).
MATERIALS AND METHODS
election of X472 revertants in neuroblastoma
SK-N-SH) cells
SK-N-SH cells were originally isolated from a 4-year-
ld girl diagnosed with a neuroblastoma growth (Biedler
t al., 1973). Properties of the SK-N-SH cell line were
onsistent with a neuroblastoma cell phenotype, and in
articular, the high levels of dopamine-b-hydroxylase (an
nzyme present only in sympathetic nervous tissue)
emonstrated the likelihood that the SK-N-SH cell line
as of neuronal origin (Biedler et al., 1973). Full-length
V1 RNA containing the X472 linker-scanning mutation
as generated by transcription of pT7-PVX472 (Haller
nd Semler, 1992) with T7 RNA polymerase. SK-N-SH
onolayers were transfected with X472 RNA using DEAE
extran and incubated for 1 day at 37°C or 39°C. Cells
rom separate plates were subsequently scraped and
reeze-thawed five times to release intracellular viruses.
ellular lysates from each transfection were then diluted
rom 1021 to 1024 and used to infect SK-N-SH monolay-
rs. Lysates that had been incubated at 37°C were
aintained at 37°C during all incubations, and the same
as true for lysates from the 39°C incubations. After 1.5
ays, plaques were visible on some of the monolayers.
laques were isolated, freeze-thawed, subjected to a
econd round of plaque-purification, and used to make
assage 1 (P1) and passage 2 (P2) virus stocks. Note
hat X472-R3N, X472-R4N, and so on refer to viruses and
3N, R4N, and so on designate RNAs harboring the
tem-loop V and/or VI lesions.
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396 STEWART AND SEMLERirus plaque assays on HeLa or SK-N-SH monolayers
Viruses were serially diluted in DME and adsorbed to
ell monolayers at room temperature for 30 min. Infected
ells were overlaid with semisolid medium supple-
ented with 10% FCS (HeLa cells) or 20% FCS (SK-N-SH
ells). After 2 days of incubation at 37°C, the cells were
ixed with trichloroacetic acid and stained with crystal
iolet.
abeling of viral proteins in infected cell monolayers
HeLa or SK-N-SH monolayers that had been growing
n methionine-free medium for several h (in 6-cm-diam-
ter cell culture dishes) were infected with viruses at a
ultiplicity of infection of 15. After absorption, the mono-
ayers were incubated in methionine-free medium at
7°C. At 0, 2, or 4 h postinfection, 30 mCi of [35S]methi-
nine was added to each of the cultures of infected or
ock-infected cells. At 2 h after addition of the labeled
ethionine, the cells were harvested and resuspended
n Laemmli’s sample buffer. Labeled proteins were ana-
yzed on an SDS–12.5% polyacrylamide gel.
nalysis of RNA synthesis of revertants using
orthern blot assay
HeLa or SK-N-SH cells were infected with viruses at a
ultiplicity of infection of 15. Infected or mock-infected
ells were overlaid with 5 ml of DME supplemented with
0% FCS (HeLa) or 20% FCS (SK-N-SH) and incubated for
he indicated times at 37°C. RNA harvests were gener-
ted using RNA STAT-60 (Leedo Medical Laboratories).
hen 5 mg of total RNA was glyoxal treated (McMaster
nd Carmichael, 1977) for each time point. Hybridization
nd washing conditions were as described by Charini et
l. (1991).
NA secondary structure probing using primer
xtension
Structure probing was performed essentially as de-
cribed (Stern et al., 1988; Todd and Semler, 1996; Stew-
rt and Semler, 1998). Approximately 0.5 mg of RNA (for
oth truncated and full-length transcripts) was incubated
ith RNase for 10 min at room temperature in 0.73 TMK
uffer (30 mM Tris, pH 7.4, 10 mM MgCl2, 270 mM KCl)
lus 40 mg of tRNA and 18 mM b-mercaptoethanol.
Nases were used in two dilutions as follows: RNase V1
3.5 or 0.7 U), RNase T1 (20 or 2 U), RNase U2 (2 or 0.4 U),
nd RNase Bc (10 U or 2 U). Extension reactions were
erformed with ;106 cpm [g-32P]ATP 59 end-labeled
rimer (;2 pmol), SS601 (59-CTGTGATTGTCACCATA-
GC-39; truncated RNAs), or L164 primer (59-TCAGAGT-
AAAGTGGCCT-39; full-length RNAs).
omputer-predicted RNA folding
Nucleotides 559–579 from WT and R4N RNAs were
olded on the mfold server (http://mfold2.wustl.edu/ Cmfold/rna/form1.cgi) (Zuker). Conditions used for RNA
olding were folding temperature of 37°C, percent sub-
ptimality of 10%, and upper bound on the number of
omputed foldings of 200.
irus release assay
HeLa or SK-N-SH cells were infected with viruses at a
ultiplicity of infection of 15. At 6 h postinfection, 2-ml
ortions of the supernatant (sup) from infected cell
onolayers were collected. The cells were scraped from
he bottom of the tissue culture plate, and the remaining
upernatant and cells (sup 1 cell; 2 ml) were collected in
nother cryovial. All of the samples were freeze-thawed
ive times. Virus release was measured as the titer of
FU in [(sup 1 cell) 2 (sup)]/(sup) to avoid artifacts due
o differences in washing of plates.
hermal stability assay
WT or X472-R4N viruses were diluted in PBS or DME
upplemented with 10% FCS to a final concentration of
07 PFU/0.2 ml. The 0.2-ml aliquots were incubated at
7.5°C (the temperature for maximum PV thermal inacti-
ation; Couderc et al., 1996) in RNase/DNase-free slick
icrofuge tubes (GeneMate). At each of the indicated
ime points, an aliquot of WT or mutant virus was placed
n dry ice to stop the thermal treatment. Viruses were
tored at 270°C. Multiple dilutions of each virus sample
ere measured by plaque assay on duplicate HeLa
onolayers and used to calculate the virus titers (PFU/
l) for individual time points.
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